Salmonella enterica is an intracellular bacterial pathogen that resides and proliferates within a membrane-bound vacuole in epithelial cells of the gut and gallbladder. Although essential to disease, how Salmonella escapes from its intracellular niche and spreads to secondary cells within the same host, or to a new host, is not known. Here, we demonstrate that a subpopulation of Salmonella hyperreplicating in the cytosol of epithelial cells serves as a reservoir for dissemination. These bacteria are transcriptionally distinct from intravacuolar Salmonella. They are induced for the invasion-associated type III secretion system and possess flagella; hence, they are primed for invasion. Epithelial cells laden with these cytosolic bacteria are extruded out of the monolayer, releasing invasion-primed and -competent Salmonella into the lumen. This extrusion mechanism is morphologically similar to the process of cell shedding required for turnover of the intestinal epithelium. In contrast to the homeostatic mechanism, however, bacterial-induced extrusion is accompanied by an inflammatory cell death characterized by caspase-1 activation and the apical release of IL-18, an important cytokine regulator of gut inflammation. Although epithelial extrusion is obviously beneficial to Salmonella for completion of its life cycle, it also provides a mechanistic explanation for the mucosal inflammation that is triggered during Salmonella infection of the gastrointestinal and biliary tracts. 
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caspase-1 | epithelial cells | flagella | IL-18 | type III secretion I ntracellular pathogens reside either within a membrane-bound vacuole or freely within the host cell cytosol. However, regardless of their specific lifestyle, three distinct steps are common to their infectious cycle: the ability to enter host cells, their establishment of an intracellular niche, and their escape from the host cell (1) . Entry and intracellular survival are critical virulence stages for these pathogens, but exit from the infected cell is essential for dissemination and transmission to other hosts. Although considerable progress has been made in elucidating the first two facets of this cycle, the mechanism by which intracellular pathogens escape from host cells has been comparably neglected.
The Gram-negative bacterium Salmonella enterica causes a wide range of food-and water-borne diseases ranging from self-limiting gastroenteritis to systemic typhoid fever in both humans and animals. In enteric infections, Salmonella preferentially targets the single layer of polarized columnar epithelial cells lining the surface of the gastrointestinal tract (2) (3) (4) , triggering an extensive inflammatory response. After invading epithelial cells from the apical side, Salmonella resides and replicates within a membrane-bound vacuole, known as the Salmonella-containing vacuole (SCV). Symptomatic and asymptomatic infections are characterized by the fecal shedding of bacteria (5, 6) , suggesting that Salmonella escapes from its intracellular niche back into the gut lumen as part of its infectious cycle. Here, we report that Salmonella exits from polarized epithelia by coopting a mechanism normally used by the host to remove senescent cells from the mucosal epithelium.
Results and Discussion
WT Salmonella Hyperreplicates in the Cytosol of Epithelial Cells.
Human colonic epithelial cells (C2BBe1, a subclone of Caco-2) grown on filters were used as a model polarized monolayer to examine the infectious cycle of Salmonella. Confocal microscopy analysis of infected monolayers revealed two distinct populations of proliferating bacteria following the onset of replication ≥4 h postinfection (p.i.) (Fig. 1A and Fig. S1A ). Compared with an average doubling time of ≥95 min for the total population (Fig. S1A) , some bacteria were replicating at a much faster rate, with a doubling time of ∼20 min (Movie S1). There was a temporal increase in the incidence of these "hyperreplicating" Salmonella (defined as >50 bacteria per cell) ( Fig. 1 A and B) . By 10 h p.i., 11 ± 4.2% of infected cells contained hyperreplicating bacteria (Fig. 1A) . A similar phenotype was previously described for a Salmonella sifA mutant, which hyperreplicates in the host cell cytosol because of a defect in maintaining vacuolar integrity (7) . We therefore assessed whether the hyperreplicating WT Salmonella we observed in polarized epithelial cells are also free in the cytosol. Confocal microscopy indicated that many of these bacteria were not in a lysosomeassociated membrane protein 1 (LAMP1)-positive compartment ( Fig. 1B and Fig. S1B ), and thus not in a mature SCV (8) . Selective membrane permeabilization followed by immunostaining with polyclonal anti-Salmonella LPS antibody revealed that at least onethird of the hyperreplicating bacteria are cytosolic ( Fig. 1C and Fig.  S2 ). These experiments demonstrate that WT Salmonella can replicate in a vacuole and the cytosol in epithelial cells, but they proliferate more efficiently in the cytosolic environment (7, 9, 10) .
Cytosolic Salmonella Are Invasion-Primed. We hypothesized that the two distinct intracellular environments, intravacuolar and cytosolic, would differentially influence the expression of bacterial virulence genes. To assess this, we used a plasmid-derived transcriptional fusion assay based on destabilized GFP(LVA). Promoters were selected from well-characterized genes in each of the three type III secretion systems (T3SSs): PfliC-gfp[LVA] (flagellar T3SS), PprgH-gfp[LVA] (T3SS1), and PssaG-gfp[LVA] (T3SS2) (11) . The number of fluorescent bacteria was monitored with time. Under the infection conditions used here, efficient invasion requires both T3SS1 and flagellar-based motility (11-13) (Fig. S1A) . This single-cell assay confirmed that both T3SS1 (PprgH-gfp[LVA]) and flagella (PfliC-gfp[LVA]) were rapidly down-regulated after bacterial internalization (11, 14, 15) (Fig.  S1C) . Surprisingly, these virulence factors were not completely inactivated ( Fig. 2 and Fig. S1C ). At 10 h p.i., ∼6% of infected cells contained fluorescent PprgH-GFP[LVA] bacteria (3.8 ± 1.2% of the total bacterial population) ( Fig. 2 and S1C ). Strik-ingly, these T3SS1-induced bacteria were almost exclusively found in cells containing hyperreplicating bacteria ( Fig. 2A ) and associated with flagella (Fig. 2D ). As expected, T3SS2 was induced intracellularly (16) (Fig. S1C) ; fluorescent PssaG-GFP [LVA] bacteria were not detected until >2 h p.i., and 32 ± 6.6% of the bacteria were GFP-positive by 10 h p.i. (Figs. S1C and S3 ). At 8 h p.i., ∼60% of the T3SS1-induced bacteria were cytosolic and 23 ± 6% were in LAMP1-positive SCVs (Fig. 2 B, C , and E). By contrast, the T3SS2-induced bacteria were intravacuolar (91 ± 6% LAMP1-positive) and typically found in cells containing 5-20 bacteria ( Fig. 2E and Fig. S3 ). Using live cell imaging, the motility of intracellular Salmonella was assessed at 8 h p.i. (Fig. 2F) . Consistent with flagellin (FliC) expression (Fig. 2D) , a subset of T3SS1-induced bacteria was motile ( Fig. 2F and Movie S2). This population moved at speeds consistent with flagellar-based motility (4-15 μm/s) (17), whereas T3SS2-induced bacteria were immobile ( Fig. 2F and Movie S2). Hence, there are at least two transcriptionally distinct intracellular populations of replicating bacteria in epithelial cells: T3SS2-induced intravacuolar bacteria and T3SS1-induced flagellated bacteria that are cytosolic.
Invasion-Primed Salmonella Are Released into the Lumen by Extruding Cells. Coincident with the onset and kinetics of hyperreplication, bacteria-laden cells extruding toward the apical side were observed by EM ( Fig. 3 A and B) . Bacteria in these extruded cells were not surrounded by a vacuolar membrane [ Fig. 3B (ii)], in agreement with the confocal microscopy data for hyperreplicating bacteria (Figs. 1C and 2E ). By contrast, SCV membranes were readily apparent around replicating bacteria in cells within the monolayer (Fig. 3C ). To examine whether extrusion of infected epithelial cells occurs in vivo, we used a mouse model in which Salmonella rapidly breaches the intestinal barrier and spreads systemically to various tissues, including the mucosal epithelium lining the gallbladder. In this murine infection model, Salmonella causes inflammation similar to cholecystitis seen in humans during acute typhoid fever (18) . We observed both free bacteria and bacteria-laden epithelial cells in the gallbladder lumen ( Fig. 3 D and E). In agreement with our observations, sloughing of enterocytes laden with Salmonella from villus tips has also been reported in rabbit ileal loop studies (2) . Therefore, extrusion of Salmonella-infected epithelial cells is evident in both enteric and systemic infections.
Salmonella-associated extrusion resembles cell extrusion involved in the rapid turnover of polarized epithelial cells in the gut. This process occurs when neighboring cells contract to push a dying cell out of the monolayer and is characterized by reorganization of adherens and tight junctions to maintain the integrity of the epithelial monolayer (19) (20) (21) (22) . Here, we observed similar actin contractile rings and tight junction "rosettes" at the base of extruding Salmonella-infected cells ( Fig. S4 and Movie S3), suggesting that the Salmonella-associated and homeostatic extrusion events occur via similar cell biological processes.
The incidence of extrusion was significantly increased on infection: 10 ± 2.7% of cells containing Salmonella showed evidence of extrusion at 10 h p.i. compared with only 0.85 ± 0.89% of uninfected cells (Fig. 4A) . Furthermore, cells containing T3SS1-induced Salmonella were more likely to be extruded than those containing T3SS2-induced bacteria (20 ± 4.7% vs. 2.4 ± 0.9%; Fig. 4 A and B) . In infected gallbladders, T3SS1-induced bacteria were found within epithelial cells lining the gallbladder at 4 d p.i. and did not immunostain for FliC (Fig. S5) . By 5 d p.i., flagellated T3SS1-induced bacteria were predominantly found within cells that had been sloughed into the lumen or were free in the lumen (Fig. 4C and Fig. S5 ). Altogether, these data imply a strong correlation between T3SS1 induction and Salmonella-induced extrusion in vitro and in vivo. To address the invasion competence of these bacteria, we developed a secondary infection assay (Fig. S6A) . Consistent with the onset of cell extrusion from the polarized monolayer, significant numbers of bacteria could be recovered from a naive population of epithelial cells from 6 h p.i. and increasing thereafter. This demonstrates that Salmonella released from extruded cells are invasion-primed and -competent.
Extruding Cells Undergo Inflammatory Cell Death. During gut homeostasis, epithelial cells are shed into the lumen as a result of anoikis, a form of apoptosis characterized by activated caspase-2, -3, and -9 but not caspase-1 or -8 (23) (24) (25) (26) . Because the Salmonellaladen extruding cells also showed structural features typical of cell death both in vivo and in vitro (Fig. 3 B, D , and E), we next assayed for caspase activity. Epithelial monolayers were incubated with cell-permeable fluorescent probes that bind irreversibly to activated caspases. Uninfected extruding cells were positive for active caspase-3/-7 (74 ± 8.1%) but not for active caspase-1 (21 ± 9.4%), as previously described (27) (Fig. 5B) . By contrast, the majority of infected extruding cells were positive for both active caspase-1 (83 ± 4.5%) and caspase-3/-7 (85 ± 7.3%) (Fig. 5 A and B) . Homeostatic extrusion of epithelial cells is not prevented by general caspase inhibition (21) . Addition of a caspase-1 inhibitor did not block, but significantly decreased, extrusion of infected cells (Fig. 4A) , suggesting that the signal for homeostatic and bacterialinduced extrusion precedes caspase activation.
Caspase-1-dependent programmed cell death, also known as pyroptosis, is characterized by pore formation in the plasma membrane, followed by cell swelling and lysis, and the proteolytic processing of proinflammatory cytokines, leading to the secretion of mature active IL-1β and IL-18 (28) . To monitor plasma membrane integrity, infected cells were incubated with SYTOX Orange nucleic acid dye, which can only enter cells with a com- promised plasma membrane, and Hoechst 33342, a cell-permeable nuclear stain. Salmonella-infected extruding cells were positive for both dyes, indicating plasma membrane rupture, whereas neighboring cells within the monolayer stained only with Hoechst 33342 (Fig. 5C ). We next quantified the apical and basolateral release of cytokines from infected C2BBe1 cells. Although IL-1β release was below the limits of detection (0.8 pg/mL), we observed a steady temporal increase in the release of IL-18, which was restricted to the apical side of monolayers (Fig. 5D ) and dependent on caspase-1 and -3 (Fig. 5E) . Collectively, these data highlight a clear difference in the activated cell death program between Salmonella-induced and homeostatic extrusion.
We have demonstrated that extruding Salmonella-infected cells undergo inflammatory cell death. A complex but still largely unexplained pathological feature of salmonelloses is an overwhelming inflammatory response. We propose that bacterial-induced extrusion provides one mechanistic explanation for the pathogenesis of mucosal inflammation during Salmonella infections of the intestine and gallbladder. In support of our data, activation of IL-18 in porcine intestinal mucosa has been reported for S. enterica serovar Choleraesuis infections (29) . Interestingly, in inflammatory bowel diseases, chronic inflammation is also associated with elevated IL-18 levels (30-32). Therefore, caspase-1-dependent IL-18 production by intestinal epithelial cells might prove to be a mediator of mucosal inflammation associated with both autoimmune disorders (33, 34) and bacterial infections.
Conceptually, an increased turnover of mucosal epithelium provides the host with an ideal defense mechanism against infection. Indeed, it has been implicated as a protective mechanism in the gut against both bacteria and parasites (35, 36) . However, we believe that Salmonella takes advantage of this process as a unique means of bacterial egress. Critical to this is the finding that a population of Salmonella is cytosolic and expresses the virulence genes required for invasion. We hypothesize that a vacuole maturation defect leads to the cytosolic release of a small, but significant, fraction of bacteria. The nutrient-rich cytosol supports a high bacterial replication rate and reprograms virulence gene expression toward invasion. The cytosolic load of bacteria is sensed by the host cell, leading to inflammatory cell death and extrusion, releasing the invasion-primed Salmonella into the lumen of the gastrointestinal and biliary tracts. Escape into the lumen allows Salmonella to infect secondary cells rapidly, and may also contribute to host-to-host transmission. Thus, by subverting a host-dependent cell turnover event, Salmonella completes its infectious cycle (Fig. S6B) . Given the prevalence of mucosaldwelling pathogens, other pathogens may also use this host cell process as an exit strategy.
Materials and Methods
Bacterial Strains and Plasmids. WT S. enterica serovar Typhimurium (S. Typhimurium) SL1344 (37) and ΔSPI2::kan (38), ΔSPI1::kan (15), and flgB:: Tn10 mutants (11) have been described previously. For constitutive expression of GFP or mCherry, WT S. Typhimurium was electroporated with pFPV25.1 (39) extender. Cells were incubated in differentiation medium for a total of 3 d, replaced with fresh medium each day, until the transepithelial electrical resistance was ≥250 Ω.cm 2 , as measured using a Millicell Electrical Resistance System (Millipore). The medium was changed to DMEM containing 10% (vol/ vol) heat-inactivated FCS (growth medium, GM) before infection. Preparation of invasive Salmonella and infection of HeLa cells at a multiplicity of infection (MOI) of ∼50 were as previously described (42) . Polarized monolayers were infected apically at an MOI of ∼50-100 for 10 min and then washed three times apically and twice basolaterally in HBSS (Mediatech). Cells were incubated in antibiotic-free GM until 30 min p.i. Thereafter, GM containing 50 μg/mL gentamicin (Sigma) was added for 1 h to kill any remaining Enumeration of Intracellular and Extracellular Bacteria. For quantification of viable intracellular bacteria, polarized monolayers were washed apically and basolaterally three times with PBS and then lysed in 1 mL of 1% (vol/vol) Triton X-100/0.1% (wt/vol) SDS (TX-100/SDS). Serial dilutions were plated on LB agar plates. Bacterial doubling time was calculated as described previously (43) .
To measure the invasion competence of apically released bacteria, we developed a secondary infection protocol. Polarized C2BBe1 monolayers were infected and treated with 50 μg/mL gentamicin to kill extracellular bacteria as described above. At 1.5 h p.i., transwells were inverted onto a monolayer of HeLa cells seeded in six-well plates (2 × 10 5 cells per well and two transwells per well). Coincubation of C2BBe1 and HeLa cells continued in GM containing 10 μg/mL gentamicin. Polarized monolayers were solubilized in TX-100/SDS as described above. For quantification of the secondary infection, the HeLa cells were washed extensively in HBSS, solubilized in 1 mL of TX-100/SDS, and plated on LB agar plates.
Immunofluorescence Staining. Infected monolayers were washed twice, apically and basolaterally, with PBS and then fixed apically and basolaterally with 3.5% (wt/vol) paraformaldehyde (PFA) for 20 min at room temperature (RT). Monolayers were then washed apically and basolaterally with PBS, followed by incubation in 75 mM ammonium chloride/20 mM glycine in PBS for 10 min at RT to quench free aldehyde groups. After washing in PBS, monolayers were permeabilized in 10% (vol/vol) normal goat serum/0.1% (wt/vol) saponin in PBS (SS-PBS) for 20 min at RT. Primary and secondary antibodies were diluted in SS-PBS and applied apically and basolaterally in a humid box for 1 h at RT. Filters were excised from transwell supports and placed cell side up on a drop of Prolong Gold antifade reagent (Invitrogen) on a glass slide. Another drop of mounting media was applied to the filter, and a coverslip was placed directly on top. Samples were cured overnight at RT. Live cell staining was carried out by incubation for 10 min at 37°C with 2 μg/ mL Hoechst 33342 (Invitrogen) to stain nucleic acids or 0.5 μM SYTOX Orange (Invitrogen) to stain nucleic acids in cells with a compromised plasma membrane. For determination of activated caspase-1 and caspase-3/-7, live cells were incubated with FAM-YVAD-FMK or FAM-DEVD-FMK, respectively, in GM for 1 h according to the manufacturer's instruction (Immunochemistry Technologies) before fixation.
To determine whether intracellular bacteria were vacuolar or cytosolic, polarized C2BBe1 cells were infected as described, and at 8 h p.i., the apical plasma membrane was selectively permeabilized using digitonin to allow access of antibody to the cytosol. Briefly, transwells were washed three times in KHM buffer [110 mM potassium acetate, 20 mM Hepes, 2 mM MgCl 2 (pH 7.
3)] and incubated apically with 150 μg/mL digitonin (Sigma) in KHM buffer for 90 s at RT. Transwells were then immediately washed with KHM buffer. Rabbit polyclonal anti-Salmonella LPS antibody and mouse anti-human GM130 monoclonal antibody were added for 15 min at 37°C to label cytosolic bacteria and the cytosolic face of the Golgi, respectively. Monolayers were then fixed and quenched as described above, followed by nonselective permeabilization in 0.1% (wt/vol) saponin and 10% (vol/vol) horse serum in PBS for 15 min at RT. Anti-Salmonella LPS antibody (1:200; Difco) and anti-GM130 monoclonal antibody (1:50; BD Transduction Laboratories) were detected using Alexa Fluor-and Cy5-conjugated secondary antibodies as described above. Nucleic acids were subsequently stained with Hoechst 33342 (2 μg/mL) for 10 min at RT. Intracellular bacteria were then scored for LPS staining. Extruding cells were excluded from analysis because they have a compromised plasma membrane and delivery of antibodies could occur in a digitonin-independent manner. For each experiment, one transwell was used as a permeabilization control to ensure that the apical plasma membrane (but not the endomembranes) was permeabilized. For this, the digitonin-treated cells were incubated with two LAMP1 antibodies: rabbit polyclonal antibody directed against the cytoplasmic tail of LAMP1 (1:250; Novus Biologicals) and a mouse monoclonal antibody directed against the luminal portion of LAMP1 (1:1,000; clone H4A3, Developmental Studies Hybridoma Bank) (Fig. S2) . We excluded any experiments in which cells stained with both anti-LAMP1 antibodies.
Immunostaining of mouse gallbladder tissues was performed using previously described procedures (44) . Gallbladders were fixed in 4% (wt/vol) PFA for 1 h at RT, washed in PBS, embedded in optimal cutting template compound (Sakura Finetek), and then frozen with isopentane and liquid N 2 and stored at −70°C. Serial sections were cut at a thickness of 4 μm for immunohistochemical staining with Alexa Fluor 488-conjugated rabbit anti-GFP antibody (1:500; Invitrogen) and mouse monoclonal antibody anti-FliC (1:100; BioLegend). Nucleic acids were stained with DAPI.
Animal Infections. WT S. Typhimurium (Fig. 3 D and E) or S. Typhimurium carrying pMPMA3ΔPlac-PinvF-gfp[LVA] (Fig. 4C) were grown overnight at 37°C with shaking in LB or LB containing 50 μg/mL carbenicillin, respectively. Cultures were diluted in PBS to ∼5-8 × 10 3 cfu/mL. Female C57BL/6 mice (Charles River) were infected with 100 μL of the diluted culture by tail vein injection. Additionally, for infections with plasmid-bearing Salmonella, mice were treated with carbenicillin (100 mg/kg) by i.p. injection daily throughout the infection to maintain the plasmid. The protocols used were in direct accordance with guidelines drafted by the University of British Columbia's Animal Care Committee and the Canadian Council on the Use of Laboratory Animals. Gallbladders were collected 4-6 d p.i. and processed for EM or immunohistochemistry as described above. . Apical supernatants were collected and assayed for IL-18 concentration by sandwich ELISA (mean ± SD, n ≥ 3 independent experiments). (E) Caspase-1 and caspase-3 activation are required for IL-18 release. Polarized monolayers were mock-infected or infected with WT Salmonella. Where indicated, monolayers were pretreated and incubated for the entire infection with the general caspase inhibitor Z-VAD-FMK (50 μM), the caspase inhibitor negative control Z-FA-FMK (50 μM), the caspase-1 inhibitor Ac-YVAD-CMK (100 μM), or the caspase-3 inhibitor, Ac-DEVD-CMK (50 μM). At 10 h p.i., apical supernatants were collected and IL-18 was assayed by ELISA (mean ± SD, n ≥ 3 independent experiments). Asterisks indicate data significantly different from WT Salmonella infection (P < 0.05, ANOVA with Dunnett's post hoc test).
Information on reagents, quantification of cytokine release, fluorescence microscopy, determination of bacterial velocities, and EM is provided in SI Materials and Methods. Fig. S2 . Selective permeabilization of the plasma membrane of polarized epithelial cells. Confocal microscopy images of uninfected polarized C2BBe1 monolayers subject to digitonin permeabilization with 150 or 500 μg/mL digitonin for 90 s. Permeabilized cells were incubated with rabbit polyclonal anti-LAMP1 antibody directed against the cytoplasmic tail (cyto), mouse anti-LAMP1 monoclonal antibody directed against a luminal epitope (lum), or a mouse monoclonal antibody directed against the cytosolic facing peripheral Golgi protein, GM130. DNA was stained with Hoechst 33342. Note that 150 μg/mL digitonin selectively permeabilizes the plasma membrane but not internal membranes, whereas 500 μg/mL digitonin permeabilizes the plasma membrane and internal (late endosomal/lysosomal in this case) membranes. This bacterial-driven event is characterized by extensive apical membrane rearrangements. Once inside cells, there is considerable heterogeneity in the outcome of infection. Most bacteria are enclosed within a membrane-bound vacuole, the SCV. After a lag period, some bacteria start replicating within this vacuole and are induced for T3SS2. In other cells, Salmonella bacteria are free in the cytosol, hyperreplicating, and induced for T3SS1 and flagella. There is a host-dependent response to these cytosolic bacteria, which results in caspase-1-dependent cell death and the apical release of the proinflammatory cytokine IL-18. These cells are extruded from the monolayer and rupture, releasing invasion-primed bacteria into the lumen. These bacteria can either invade neighboring cells to disseminate within a host or be shed in the fecal stream, providing a reservoir for transmission to other hosts.
Movie S1. Time-lapse series showing hyperreplication of Salmonella in epithelial cells. HeLa cells were seeded on 24-well SensoPlate glass-bottomed plates (Greiner bio-one) and incubated with 0.2 mg/mL dextran Alexa Fluor 647, 10,000 M r (Invitrogen by Life Technologies) for 18 h to label the endocytic pathway. Noninternalized dextran was washed out before infection with Salmonella constitutively expressing mCherry. At 2-3 h p.i., mCherry Salmonella (red) and dextran (green) were imaged every 10 min for 4 h at a magnification of 60× for two overlapping fields using a spinning disk confocal microscope. Overlapping fields were stitched using the stitching plug-in from the ImageJ derivative, Fiji v 1.43h (1), and edited using either ImageJ or Fiji. Bacteria not labeled by the fluid-phase tracer, and thus not in a mature SCV, replicate much faster than bacteria in dextran-positive SCVs. (Scale bar, 10 μm.) Movie S1
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